Objective To evaluate the use of interictal high-frequency oscillations (HFOs) in epilepsy surgery for prediction of postsurgical seizure outcome in a prospective multicenter trial.
For patients with drug-resistant focal epilepsy, epilepsy surgery is the most efficient treatment to attain seizure freedom. 1 Noninvasive diagnostics such as MRI, neuropsychology, and EEG do not always lead to a definite localization of the seizure focus. 2 In a subset of these cases, intracranial video-EEG monitoring is performed for several days with EEG electrodes placed subdurally as a grid or stereotactically with intracerebral probes. 3 Alternatively, acute intraoperative subdural EEG recordings (electrocorticography [ECoG] ) are obtained during the surgery.
High-frequency oscillations (HFOs) can be recorded with these different intracranial EEG (iEEG) methods [4] [5] [6] [7] and were proposed as new biological markers of epileptic tissue. 7 HFOs commonly occur in brain areas showing the first ictal EEG activity, the seizure onset zone (SOZ), 4, 8 and the removal of HFO-generating tissue is correlated with a seizure-free postsurgical outcome. 5, [9] [10] [11] [12] This evidence derives from several epilepsy centers and includes data from different patients, adults, and children, distinct types of epilepsy, mesiotemporal and neocortical, and different analysis techniques. 13 These studies were retrospective and included small patient samples. 10 The correlation between removal of HFO-generating tissue and seizure outcome was usually found on a group level, but studies also reported single patients in whom no correlation could be seen. 9, 14 In a group using ECoG, it was shown that the extent of presurgically identified HFOs is less predictive of the postsurgical seizure outcome than the residual HFOs found after the resection. 10 On a single patient level, HFOs failed to identify the SOZ more precisely than spikes in another study. 15 Even if interictal HFOs are thought to be better biomarkers for epileptic tissue than epileptic spikes, they have not been used in routine presurgical diagnostic workup for 2 main reasons: analysis methods are complicated, and the clinical evidence for using HFOs to tailor epilepsy surgery is too weak. 16 The present study is a prospective, international, multicenter trial combining data from 3 experienced epilepsy centers, each using different iEEG methods. The data were acquired prospectively: interictal HFOs were marked and scored after the recording and before the seizure outcome was known. For ethics reasons, resections were not tailored to the HFO results. We hypothesized that the proportion of resected HFO-generating brain tissue correlates positively with postsurgical seizure freedom independently of the type of recording technique and epilepsy center.
Methods

Patient recruitment
Between March 2011 and June 2012, the Montreal Neurologic Institute (Quebec, Canada), the Epilepsy Center Freiburg (Germany), and the Pediatric Epilepsy Program of the University of California Los Angeles (UCLA) each included up to 20 consecutive patients who underwent intraoperative or chronic iEEG and then surgery. All centers received ethics approval for HFO data analysis and anonymized data transfer between institutions. An overview of the methods can be found in figure 1.
Inclusion criteria were surgical resection after the intracranial investigation and a good-quality recording of at least 10 minutes with a 2,000-Hz sampling rate. No restrictions were applied with respect to epilepsy type, extent of the epileptic activity, or age of the patients.
Clinical information
At the time of study inclusion, data on the patients' noninvasive presurgical workup were collected from medical charts. At the end of the clinical iEEG recording, the SOZ and the area of resection were defined as part of the clinical investigation independently of this study. The neurophysiologists marking the HFOs were blinded to these results. After a minimum of 12 months, postsurgical outcome was classified according to Engel by a physician unaware of the results of HFO analysis. All patients underwent a postsurgical MRI within a year of surgery to confirm the extent of the resection.
Recording techniques
Details on the recording techniques are given in the supplementary materials (data available from Dryad, methods, doi.org/10.5061/dryad.hp591kt). In summary, all centers recorded with their local equipment. In Freiburg and Montreal, chronic stereotactic-depth electrodes were used; subdural grids also were used in Freiburg. At UCLA, acute intraoperative ECoG data were acquired. All centers used Stellate Harmonie for the analysis of HFOs and EEG data.
Visual HFO and baseline identification HFO annotation was performed in the same way in all 3 centers. The period for annotation in the chronic iEEG (2 centers) was taken from slow-wave sleep. Sleep scoring was performed with the help of additional electrooculography and EMG electrodes. A period from the second night of recording at least 2 hours after and before ictal activity was chosen. In the intraoperative ECoG (1 center), the period with the least artifacts and interference by anesthesia was selected. The EEGs at all 3 centers were visually identified for a 1-minute epoch per channel. The methods for visual identification of HFOs have been published previously. 6 Events were identified using an extended time scale of 0.8 second per page and high-pass finite impulse response filters (order 63). A ripple was marked if clearly visible with an 80-Hz high-pass filter and did not occur when filtering with 250 Hz. An event was regarded as a fast ripple (FR) if it was visible with a 250-Hz high-pass filter. Events had to have a minimum length of 4 oscillations, and 2 events had to be separated by at least 2 nonoscillatory baseline crossings, similar to what was done in several studies 16 Automatic HFO detection For the automatic detection of interictal HFOs, we used the detector developed by Zelmann et al. 17 This requires visual markings of HFOs and true baseline periods during a short period; it can then be trained for optimal performance. We aimed to have the best detection conditions for the highly varying recording methods involved in the study. In each center, 3 patients recorded before the recruitment period were used for detector training, and then optimal detector settings were adapted with those results. Results and rates in these retrospective patients were not used for the statistical analysis in the study.
During 1 minute of slow-wave sleep in chronic recordings and in a period of good EEG quality in intraoperative ECoG, HFOs and baseline segments were marked by 2 independent reviewers from separate centers. After that, optimized detector settings derived from the retrospective patients were applied to the prospectively recruited patients on 10 minutes of EEG. Visual HFO and baseline markings of the first minute were used to evaluate detector performance. κ Coefficients were used to evaluate the agreement between visual and automatic markings. 18 
Statistical analysis
Automatically marked detections were used to calculate rates (events per minute) for ripples and FRs for each channel. For chronic recordings, an overlapping image was aligned between the MRI/CT with electrodes and the postsurgical MRI to define which contacts were in the tissue subsequently removed during surgery. Contacts were grouped as removed, not removed, and unclear. The last group refers to brain areas that were functionally isolated after surgery or at the border of the resection (hence, it was unclear if these areas contributed to seizure generation). For intraoperative ECoG, the electrode contacts over the resection were defined directly during surgery.
Statistical analyses were performed for the whole group of patients and for each center separately. To calculate whether the majority of events were removed during surgery, we used previously described methods 9 (formula data available from Dryad, methods, doi.org/10.5061/dryad.hp591kt). We quantified first the HFO rates in removed and nonremoved contacts and then the number of removed contacts with HFOs regardless of HFO rates (i.e., the extent of tissue showing HFOs). A ratio was calculated between rates of HFOs in removed contacts and rates in nonremoved contacts, as well as the ratio between the number of removed and nonremoved contacts showing HFOs. With the use of these ratios, a value close to +1 identifies patients in whom the majority of HFOs/HFO channels were removed, whereas a value close to −1 indicates that the majority HFOs/HFO channels were untouched. For the prognostication of outcomes, patients with values between 0.1 and 1 were considered as majority removed, while patients with −0.1 to −1 were considered as majority untouched. Ratios were compared by the Spearman correlation. Statistical analysis compared patients with seizure-free outcome (Engel 1) and patients with seizures (Engel 2-4). A Spearman rank correlation analysis was used to assess correlations between the extent of removal and outcome for the 4 outcome groups (Engel 1-4) .
Several subtests of the Spearman correlation were performed to evaluate the effect of potentially influencing factors on the results: (1) using ratios of the visually marked data separately from the automatic rate results, (2) considering "borderline" channels as either removed or not removed, and (3) with application of a threshold for HFO rates and their ratios considering only high-rate channels. The threshold was established with the upper fence (UF) method. 19 The UF is calculated by using the following formula: UF = Q3 + (1.5 × IQR), in which Q3 is the third quartile and IQR is the interquartile range, i.e., the difference between the first and third quartiles. In the present study, this measure was used to identify outliers, i.e., channels with very high HFO rates for each individual patient. The significance level of all analysis was set at p < 0.05.
Standard protocol approvals, registrations, and patient consents All patients or legal caregivers signed a written informed consent and Health Insurance Portability and Accountability Act authorizations before participation. This study has been approved and registered with the Freiburg Ethics Board (No. 131/08).
Data availability
Data not included in the article will be made available to qualified researchers on request subject to ethics approval.
Results
Patient inclusion
Fifty-two patients were recruited: 20 from Freiburg and Los Angeles each and 12 from Montreal (clinical details can be found in table 1).
For Freiburg, patients were on average 31 years old. Four had nonlesional and 16 had lesional epilepsy. Eight patients had subdural grids, and 12 had stereotactically implanted electrodes. EEG was recorded from an average of 93.3 electrode contacts. Two patients underwent a selective amygdalohippocampectomy; 5 had a lobectomy; and 13 had a lesionectomy. According to the resection size, on average, 42.7% of the contacts were in removed tissue. Outcome was Engel 1 in 12 (60%) patients, Engel 2 in 3 patients, Engel 3 in 3 patients, and Engel 4 in 2 patients.
For Montreal, patients were on average 36 years old, and all were lesional. All patients were recorded with intracerebral electrodes, from an average of 47.2 contacts. Four patients underwent a selective amygdalohippocampectomy; 4 had a lobectomy; and 6 had a lesionectomy. According to the resection size, on average, 23.1% of the contacts were in removed tissue. Outcome was Engel 1 in 3 (25%) patients, Engel 2 in 2 patients, Engel 3 in 3 patients, and Engel 4 in 4 patients.
In Los Angeles, the average age at the time of surgery was 8.6 years (range 6 months-17 years 11 months), and all were lesional. All patients underwent intraoperative subdural ECoG recordings from an average of 23.7 contacts. Twelve patients underwent a hemispherectomy; 3 patients had a lobectomy; 4 had a lesionectomy; and 1 patient had an amygdalohippocampectomy. According to the resection size, on average, 84.9% of the recording contacts were over removed tissue. Outcome was Engel 1 in 15 (75%) patients, Engel 2 in 1 patient, Engel 3 in 2 patients, and Engel 4 in 2 patients.
HFOs rates and surgical outcome
Statistical results for entire cohort and each center are shown in table 2. Significant results are indicated. Results were in the direction of the hypothesis: removal of HFOs or channels with HFOs was higher in patients with Engel 1 outcome than in those with Engel 2 to 4 outcome for the overall group (figure 2) and for UCLA but not for Freiburg and Montreal as single centers (figure 3).
Analysis of potentially influencing factors on results
Visually vs automatically marked data
The average κ value between visual and automatic markings for all channels and patients was 0.62 ± 0.12 and considered sufficient. Nevertheless, all data were reanalyzed using the rates from the first EEG minute, which was visually marked, to exclude the influence of detector performance on the overall results of the study. The results were similar to those of the automatic detection, with a correlation for the data from UCLA and no correlation for the data from Freiburg and Montreal.
Borderline channels
Data were reanalyzed including channels at the border of a resection or considered functionally disconnected. Results in all centers remained unaltered in regard to correlations.
HFO rate thresholds
The UF was calculated using a threshold for each center and applying it to single patients. The analysis including the data from all centers regarding the removal of areas with the highest ripple counts stayed unchanged (S = 15,162.73, p = 0.04, ρ = −0.32), but there was no correlation between the removal of areas expressing the highest FR counts and surgical outcome. In addition, single-center analysis showed no correlation for the removal of HFOs and surgical outcome for any center. Therefore, even for UCLA data, applying the UF reduced the ability of HFOs to predict surgical outcome. The UF was used in calculating a threshold for each patient and applying it to this same patient. The analysis including the data from all centers showed a correlation between the removal of areas expressing the highest ripple (S = 15,113.02, p = 0.044, ρ = −0.32) and FR counts (S = 15,419.5, p = 0.03, ρ = −0.34) and surgical outcome. However, single-center analyses for Freiburg and Montreal showed no correlation. For UCLA, there were higher ratios for ripples in removed regions in patients with seizure-free outcome (S = 1,103.43, p = 0.01, ρ = −0.62) but not for FR.
Prognostication of seizure outcome in individual patients Table 3 provides an overview of the individual patients and the ability to provide an outcome prognostication with the use of ripples and FR. This table takes into account areas with the highest rates of HFOs as defined in the UF measurement: these areas were completely removed and predicted a good outcome, or the majority of HFOs remained, which predicted a poor outcome. The table also points out limitations of our study such as large resections in which the resection included many areas not expressing HFOs, as well as patients in whom many HFOs remained despite a good outcome.
Our hypothesis that HFOs predicts either good or poor surgical outcome was correct in 36 of 52 patients (69.2%, marked with Y in correct prediction in table 3). In all but 1 patient (patient 8), areas of ripples and FR were overlapping to an extent that removal of the majority of ripples also meant removal of the majority of FR and vice versa. Prognostication was correct in 10 of 20 (50%) patients from Freiburg, 9 of 12 (75%) from Montreal, and 17 of 20 (85%) from Los Angeles.
At first, these results appear satisfactory. However, in Freiburg and Montreal, only 3 of 19 predicted outcomes were correct Abbreviations: AU8CC = corpus callosum; CPS = complex partial seizure; DNET = dysembryoplastic neuroepithelial tumor; F = frontal; FCD = focal cortical dysplasia; FTP = fronto-temporo-parietal; GTCS = generalized tonic-clonic seizure; HC = hippocampus; HIE = hypoc ischemic encephalopathy; IS = infantile spasm; MCA = middle cerebral artery; MT = mesiotemporal; MTS = mesiotemporal sclerosis; O = occipital; P = parietal; PS = partial seizure; sAHE = selective amygdala hippocampectomy; Schiz = Schizenzephaly; SOZ = seizure onset zone; T = temporal. Patients 1 through 20 are from Freiburg; patients 21 through 32 are from Montreal; and patients 33 through 52 are from Los Angeles.
prognostications of a seizure-free condition. Moreover, 14 patients had a seizure-free outcome despite the fact that the majority of HFOs were not removed (figure 4, patients marked with Y in the HFOs despite Engel 1 column in table 3). In these patients, removal of HFO-generating areas would have led to an extension of the surgery without any benefit for the patient.
All other prognostications were for poor outcome. The prognostication of poor outcome could be by chance because all patients in Freiburg had remaining HFOs (a poor outcome was expected according to our hypothesis) and resections were in the majority smaller than the area generating HFOs.
In the patients from UCLA, the table demonstrates that removals were larger. In 15 patients (85%, including all with hemispherotomy), all areas underlying electrodes were removed, and in 14 patients, this resulted in a successful prognostication of postsurgical seizure freedom. Of the 5 remaining patients who underwent restricted surgery, 2 (patients 39 and 47) continued to have seizures despite resection of all HFOs, and in another (patient 49), most HFOs remained, but the patient became seizure-free.
Discussion
We prospectively evaluated the use of HFOs as a biomarker for epileptic tissue. An association between the removal of HFO-generating tissue and surgical seizure outcome has been suggested by retrospective 13, 20 and prospective single-center studies. 21 Evidence has suggested that HFO measures are independent of recording technique and patient population. For this reason, the current study aimed to include a variety of patients from 3 centers with different traditions of acquiring iEEGs. The group analysis combining results of the 3 centers and the overall statistics (very similar to those used in previously published studies from these centers) seemed at first to confirm our hypothesis. However, a deeper analysis of the predictive value in each center and at the individual level revealed that HFOs did not reliably predict postsurgical outcome, with the exception of the Los Angeles site. The discussion focuses on the possible confounders that might explain the failure of the study to confirm our hypothesis.
The method chosen to identify HFOs is a first factor. Visual analysis has been used in some studies 22, 23 with the advantage of avoiding false detections, as often occurs with automatic detection. Moreover, it provides a better understanding of unknown data. Drawbacks of visual identification are potential reviewer bias and the time needed for identification. 18 Automatic detection is much faster and, if validated, can be used by epileptologists inexperienced in identifying HFOs. 18, 24 For this reason, we adopted a hybrid approach in which visual markings were used for detector training and validation. The improved detector was then applied. To ensure that poor detector performance did not influence our results, we reanalyzed all data with the visual marking of the first minute and found no differences for visual and automatically evaluated HFO counts. We assumed that the 1-minute visually marked segment is representative of the HFO count in a given region. 18 There are no guidelines for how long iEEGs should be visually analyzed for HFOs. It is conceivable that our epoch for visual analysis was insufficient, 5 especially for such a multicenter study using different patient populations, ages, and recording techniques.
The extent of the areas generating HFOs and the types of HFOs also represent confounding factors. In the Freiburg data, the extent of areas generating HFOs was larger than expected and exceeded the resection margin. One reason might be that we included physiologic and epileptic HFOs. Recent studies suggest that physiologic HFOs are not limited to mesial temporal structures, as initially thought, but also occur over occipital and central regions. 25, 26 These studies demonstrated that physiologic and epileptic HFOs have a large frequency overlap and cannot be separated by frequency alone. 27, 28 In the Freiburg data, HFOs showed the largest extent in the subdural grid recordings and at contacts covering regions known to generate physiologic HFOs, findings that might have interfered with our analysis. Moreover, HFOs were more spatially limited in the data from Los Angeles, data acquired under general anesthesia, a condition probably resulting in fewer physiologic HFOs. 29 It is important to note that resection margins were determined differently between the centers; while SOZ definitions were available for Montreal and Freiburg, Los Angeles relied on interictal EEG data and performed larger resections if interictal activity was visible at the borders of the ECoG recordings. Thus, resections were more extensive even if HFO extent was more restricted in these recordings.
Spontaneous short physiologic HFOs cannot be excluded with the current methods and might explain our nonspecific results for epileptic areas. Recent studies aimed to distinguish physiologic HFOs by using amplitude and frequency values. 28, 30 In contrast to physiologic HFO, epileptic events might be more repetitive and monomorphic and can be identified by searching for events that do not change their morphology. 31 Another method is analyzing the co-occurrence of HFOs with physiologic phenomena such as sleep slow waves or sleep spindles to identify physiologic and co-occurrence with epileptic spikes to identify epileptic HFOs. Applying one of these methods to our data in the future might improve prognostication. 8, 32, 33 To prospectively predict surgical outcome, it is important to know which proportion of HFOs have to be removed to gain seizure freedom. In our study, we decided to use the measurement of majority of HFOs removed. This fits the concept that more HFO-generating areas have to be removed than remain for a patient to be seizure-free. 9, 14 There is, however, no clear evidence that this assumption is right, and it may be necessary to remove all areas generating epileptic HFOs.
In a prospective study, it is often difficult to judge which HFO-generating tissue is relevant. A solution to this problem is to use, as in retrospective studies, individual thresholds to determine the area of highest HFO activity within an individual patient. 11, 19 For instance, there is controversial evidence for the influence of electrode types and size of contacts on the measurable rates of HFOs. 34, 35 HFO counts in our study were more similar within the same center than between centers. For this reason, we used a threshold called UF, which identifies extreme outliers derived from the average HFO count of each center and established for each individual patient. None of these analyses improved the predictive value of HFO removal, possibly because the actual count of HFOs is not the most important factor or because areas with medium activity are important in the prognostication.
In the current study, some patients became seizure-free even when most of the HFO-generating tissue remained untouched. This is strong evidence that HFOs are not reliable markers of epileptic activity. However, studies on intraoperative ECoG introduced the analysis of postsurgically remaining FR as a measure to predict surgical outcome. 10 After surgery, residual HFOs could not be predicted by the presurgical HFO distribution, and some areas stopped showing HFOs postoperatively even if they were not resected or disconnected. Prognostication of outcome with FR was accurate in patients showing presurgical HFO that vanished the postsurgical ECoG. 36, 37 The combination of presurgical and postsurgical ECoG analysis may be better because it gives an idea about the remaining networks still able to generate FRs. For this reason, information on postsurgically remaining FRs might represent a more direct measure of epileptogenicity than presurgically recorded FRs. This measure is limited to intraoperative ECoG and is not usable in chronic recordings. An explanation for our patients who became seizure-free despite residual HFO areas is that the network necessary to generate HFOs was successfully interrupted.
The results of this study are unexpected. We are especially perplexed by the fact that the majority of HFO-generating tissue remained untouched in several patients who became Figure 4 Two patient examples from the Freiburg cohort In both patients, not all high-frequency oscillations (HFOs) were removed. (A) In patient 1, mesial temporal contacts in the hippocampus (HA) and amygdala (A) had HFOs in the deepest contacts and were not removed because the patient had a pole resection, including an encephalocele, in this area and the mesial temporal structures were spared. The patient had Engel 2 outcome. Therefore, the prognostication was judged to be correct. (B) The second patient had a lesionectomy (brown) as shown. Red dots indicate contacts with highest fast ripple rates. Not all of these contacts were removed, as shown in the resection line (green). The patient was seizure-free after surgery; therefore, HFOs failed to predict outcome. EC = encephalocele; G = gyrus; HP = parahippocampal gyrus; TB = temporobasal; TP = temporopolar; TSA = temporalis superior anterior; TSP = temporalis superior posterior.
seizure-free after surgery. Prior data from 2 of our centers have shown very different results. 9, 21, 38 Two meta-analyses of the existing studies, however, have already suggested that the evidence of HFOs as a predictor of surgical outcome is rather weak. 13, 39 A retrospective study from Montreal showed that small changes in the patient sample might alter the statistics in a way that HFO removal and surgical outcome were correlated only with temporal but not extratemporal epilepsies. 14 In the present study, we could not perform this comparison without risking that a bias between recording methods would influence the results because patients undergoing ECoG were all neocortical while those with depth contacts were often mesiotemporal.
In another recent study, 36 the removal of regions generating FRs was not predictive of surgical outcome. In a previous dataset from Freiburg, pattern analysis was necessary to obtain significant differences in HFO removal between patients with good and those with poor outcome. 40 The varying results and rather weak evidence in the meta-analysis suggest that patient inclusion had influenced the results of these studies. It would also be important to evaluate which frequency band from gamma to FRs is most promising for predicting surgical outcome. 36, 41 Finally, some pediatric studies included patients with large resections such as hemispherotomies and multilobar removals 5, 21, 42 and faced the same challenge seen in our Los Angeles data. It might therefore be that results from the group data of our study are more an effect of resection size than removal of HFO-generating tissue. Overall, we believe that although our findings do not exclude the possibility that HFOs indicate the epileptogenic zone, they suggest that more knowledge about individual differences in HFO generation and recording techniques is needed before this measure is used as a valid clinical tool.
The difference in the results between the Los Angeles and the Freiburg/Montreal subgroups could be explained by several factors mentioned above. In addition, the intraoperative ECoG approach under anesthesia in Los Angeles differs significantly from the chronic recording in the epilepsy units. The entirely neocortical epilepsy cohort in Los Angeles is another major difference from the mixed epilepsy groups in Freiburg and Montreal. Lastly, resections of the SOZ after chronic iEEG are vastly different from resections guided by the irritative zone during ECoG.
To the best of our knowledge, none of the published studies aimed to obtain a prognostication in outcomes on an individual level. One study compared the identification of SOZ areas with spikes and HFOs on an individual patient level. HFOs were not better in identifying seizure onset compared to spikes in individual patients, contrary to what had been found in group-level studies. 15 The current results may therefore be limited to our specific patient groups. Nevertheless, the results question the value of HFOs as biomarkers of epileptic tissue, at least when combined from different centers, different age groups, and different techniques. As discussed, several variables in our study design might have contributed to the lack of significant results. The body of evidence that supports a connection between epilepsy and HFO occurrence is, however, large. Studies in rodents with mesial temporal and posttraumatic epilepsy have shown that HFOs are closely linked to epileptogenicity. 43, 44 HFOs occurred only in animals that developed chronic epilepsy in contrast to those that remained healthy after initial injury. HFOs were found to be closely linked to the SOZ in a large variety of epilepsies associated with developmental malformations, hippocampal sclerosis, and genetic disorders. 16, 45 HFOs not only are recorded interictally but strongly increase directly before or during seizures. 46, 47 A reduction of antiepileptic medication results in an increase of HFOs, and successful treatment can be measured as a reduction of HFOs. 22, 48 Many studies suggest a strong link between HFOs and epilepsy. It is possible that current techniques to identify HFOs and separate different types of HFOs and the inability to distinguish which types of HFOs truly matter in regard to seizure outcome may have influenced our results. Further studies including larger patient samples and better measures to distinguish physiologic and epileptic HFOs are needed. Current techniques for HFO identification and separation are still time-consuming, but recent publications suggest that realtime analysis may become available soon. 49 It is still possible, however, that HFOs are not as specific a biomarker of the epileptogenic zone as early studies have led us to believe.
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